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ABSTRACT

In support of the development of a new initiative in the

field of multiplexed image spectroscopy, a high torque,

servo system was developed. Utilizing only a low resolution

shaft position encoder, the system demonstrated an excellent

ability to track a pulse input signal with high precision

and stability. Ultimately, this servo system will be

incorporated into a new generation of multiplexed imaging

and imaging spectroscopy instruments. It will provide those

instruments with the capability to accurately rotate into

position a sequence of optical image encoding masks and it

will tightly control that position, even in the presence of

external perturbations. A computer will read the light

intensity signals from a sensor and quickly decode the image

for viewing and analysis. Further research into this

technology should lead to full development of an extremely

efficient infrared imaging system, with additional

applications to passive surveillance, target signature

identification, and airborne infrared astrophysics.
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I. INTRODUCTION

A. MOTIVATION

The development of a new initiative in remote sensing of

the spatial and spectral properties of infrared (IR)

radiation is the primary motivation for this thesis

research. The specific technological discipline is called

infrared imaging spectroscopy. The IR wavelength band has

been studied for many years. Many types of instrumentation

exist for either IR imaging or spectroscopy, but proficient

devices that are capable of performing both functions at

once are uncommon. Such a hybrid-type of technology should

benefit many facets of remote sensing, especially in

surveillance/target signature identification as well as in

scientific fields of study, like infrared astrophysics.

The author's thesis advisor, D.S. Davis has been the

developer of state-of-the-art IR spectroscopic

instrumentation for an extended period. He has fielded

several infrared spectroscopic devices, one of which is

currently deployed aboard NASA's Kuiper Airborne Observatory

(KAO).

A proposed successor to the KAO, to be called SOFIA --

Stratospheric Observatory For Infrared Astronomy, is under

early stages of development by NASA. SOFIA will be a



modified Boeing 747 jet aircraft carrying a Nasmyth, three

meter, open-port telescope supplied by the Federal Republic

of Germany. Designed to "address fundamental questions in

galactic and extragalactic astronomy and in the origin and

evolution of the Solar System" (Ref. 1], Sofia will far

surpass the airborne observation capabilities of the KAO.

The new focal plane instrumentation to be outfitted on SOFIA

is expected to have ten times the point source sensitivity

and three times the angular resolution of its predecessor.

Scientists believe SOFIA will be capable of studying the

entire lifecycle of the stars and planets by examining

infrared emissions of different phases of the interstellar

medium.

Davis' principal contribution to KAO research has been

in the development and use of a cryogenically-cooled

infrared multiplexing Fourier transform spectrometer. The

spectrometers that are to fly aboard SOFIA will need to take

advantage of its augmented sensitivity to increase their

spectral resolving powers where needed.

Further developments in spectrometer design will be used

on SOFIA, including an innovative optical multiplexing

technique for infrared imaging being pursued by Davis

(Ref. 2]. This technique is based on the use of orthogonal

function encoding of entire images at once, rather than on

traditional raster scanning methods.
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Davis [Re.. 2] proposes that a unique state-of-the-art

imaging/spectroscopic system can be developed that will take

advantage of Fourier spectroscopic methods to image in both

the spatial and spectral domains simultaneously. Davis

believes extreme sensitivity and versatility can be achieved

on a platform such as SOFIA. If successful, the imaging

spectroscopic system could also significantly impact such

areas of infrared remote sensing as passive surveillance and

target signature identification.

B. THESIS GOAL

The goal of this thesis is to provide the initial design

and testing of a precision, closed-loop, servo drive system

that will, eventually, rotate and position the orthogonal

function encoding masks in Davis' imaging/spectroscopic

system. This effort was basically proof-of-concept in

nature. The shaft position encoder mechanism used in this

particular study was an inexpensive digital opto-mechanical

encoder, known from the start of the project to lack the

resolution necessary for use in the eventual prototype

instrument. The next generation position encoder will be a

high resolution phase-locked loop analog encoder. This new

encoder will comprise the work of a future thesis study.

Thus, the project did not set out to achieve extremely

sensitive positioning standards, but rather to establish a

performance baseline to which a more precise position

3



encoding system could be retrofitted and refined. This

effort will lay the groundwork for future experimentation

leading to the development of high speed and resolution

infrared spectroscopic imaging instruments using this servo

drive system to its fullest potential.

4



II. NATURE OF THE EXPERIMENT

A. SYSTEM OVERVIEW

This thesis involved the design and prototyping of a

closed-loop (feedback) motor servo drive system in support

of the development of a new initiative in the field of

infrared remote sensing. Davis [Ref 2] proposes to use a

rotating disk to contain the imaging encoding masks in his

new instrument, a sketch of which is provided in Figure 1.

To maximize the data acquisition rate, a motor servo must

rotate an ensemble of masks into the image path and position

the mask rapidly, with a high degree of accuracy.

The proposed motor servo drive system is comprised of a

high torque, direct current motor mechanically attached to a

shaft angular position encoder. The signals from the shaft

encoder are fed through an electronic feedback circuit to

produce an amplified, negative feedback signal. The circuit

is designed to have the capability for an analog voltage

positional signal to be added to the feedback signal,

thereby altering the steady-state operating point of the

closed-loop system and, hence, the motor's preferred lock-on

position.

5



1riguzO I.

The Proposed Hybrid Multiplexed Imaging-FTS System
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The servo drive motor is powered by a high power

operational amplifier in order to achieve extremely stable,

fast and accurate response to an input position signal.

B. SERVO DRIVE REQUIREMENTS

An optimal servo drive must satisfy several performance

criteria, some of which are mutually contradictory. This

state of affairs forces compromises in the engineering

design. Below are listed general considerations in the

design of a servo drive system.

1. Frequency Bandwidth

A powerful electric motor is a substantial inductive

load. The response of an inductive load at different

frequencies changes as a result of phase shifts between the

input voltage to the voltage across the inductive load. The

feedback system must be designed with this in mind. The

most difficult perturbation to a servo system would be its

response to an abrupt change in its input voltage, such as a

square wave. A square wave contains an infinite number of

harmonic frequencies to which the servo system must respond

accordingly. The ideal response to a square wave input

would be, of course, an instantaneous motion of the motor

that would track the square wave exactly.

2. Torque Considerations

In order to accelerate the inertial load attached to

the motor shaft, including both the external mechanical load

7



and the motor's intrinsic moving parts, the motor must be

able to produce substantial torque. Torque is produced in a

direct current motor by a current passing through a series

of coil wires in a strong magnetic field. A forceful motor

response is very important when changing the angular

velocity of the motor, for example, accelerating from a

stop, or reversing direction while rotating.

3. Friction

The servo motor must be relatively free of friction

to ensure maximum speed can be attained in with minimal

torque by the motor. Minimal friction ensures that the

torque required for system response over a broad band of

frequencies is directly proportional to motor current. This

results in a simple linear system that is capable of

responding to a wide variety of inputs, including the square

wave mentioned above.

4. Accuracy

To be useful in accurately positioning the motor

shaft to a desired angular location, the servo drive

feedback system must have sufficient gain to move the

attached load in response to the slightest feedback signal,

even in the presence of some inevitable friction.

5. Stability

The system must be stable at the heightened gain

condition required for accurate control, that is, not be

8



subjected to high frequency oscillations while continuously

seeking to lock on to the preferred position. Stability is

also affected by the high frequency phase shift produced by

the inductance of the motor coils. It is possible to have a

condition in which the input stimulus is 1800 out of phase

with the motor coil voltage, causing an unstable, runaway

motor response rather than the desired tracking of the input

signal.

9



III. EXPERIMENTAL PROCEDURE

A. GENERAL APPROACH

The general approach taken on developing a servo system

satisfying the aforementioned performance criteria was

broken down into five phases. The first phase of the

development was a mathematical modeling of a DC motor system

to a given input stimulus. The next phase involved the

circuit parts selection and design. The third phase was the

development of individual electronic subsystems within the

servo system on a prototyping breadboard. The forth phase

was the fabrication of a hard-wired version of the

electronics mounted on a sturdy platform. The fifth and

final phase was the testing and performance evaluation of

the finished system.

The following sections of this chapter detail the

methodology of the effort involved in each phase.

B. MATHEMATICAL MODELING OF SYSTEM PERFORMANCE

1. Background

a. Feedback System Analysis

A servo system is basically a closed-loop,

negative feedback system that uses, at the very least, both

electronics and electromechanical components in portions of

the closed feedback loop. Before getting into specifics

10



regarding the composition of the servo system, a general

description of the components which comprise a generic

closed-loop (feedback) control system would be useful.

According to DiStefano, Stubberud, and Williams

[Ref. l:p. 3], a closed-loop control system is one in which

"the control action is somehow dependent on the output."

They also define feedback as the characteristic of a closed

loop system which enables the system output to be compared

with the input so that the necessary control action may be

constructed as a function of the output and input. The

following figure is a block diagram of a feedback control

system adapted from DiStefano, Stubberud, and Williams

(Ref 3:p. 13].

The following definitions, also adapted from

DiStefano, Stubberud, and Williams [Ref 3], apply to the

components of the block diagram:

* The plant, also known as the controlled system,

is the item or process that is to be controlled.

* The control elements, also known as the

controller, are the components which generate the

appropriate control signal to the drive the

plant.

11



Feedback Control System

DMstwbance

Signal

Figure 2
Feedback Control System Block Diagram
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" The feedback elements are the components required

to form the functional relationship between the

feedback signal and the controlled output.

* The reference input is the external signal

applied to the feedback control system to execute

a specified action of the plant.

* The plant generates an output that is controlled.

* The feedback signal, also known as the loop error

signal, is the signal which is a function of the

controlled output. The feedback signal is

algebraically summed with the reference input to

obtain the actuating signal.

* The control signal is the quantity or condition

which the control elements apply to the plant.

* A disturbance is the undesired influence or

perturbation signal which affects the value of

the controlled output.

The terms defined above can be related to the

servo system designed in this thesis. The plant to be

controlled is the angular position of a motor shaft. The

control signal is the current produced by a high power

operational amplifier. The feedback elements are a shaft

position encoder, an encoder analog conversion circuit, and

a preamplifier circuit. The reference input will, in future

upgrades to the servo system, be generated by computer

though the use of a digital-to-analog conversion board. For

13



prototyping purposes, a signal generator provided the

reference input. The controlled output is the DC motor

shaft position. The disturbance is any undesirable external

perturbation that would cause the shaft angular position to

deviate from the nominal, desired configuration. The

relationships to the other defined terms above are obvious.

b. Brief Review of Direct Current Motor Theory

A direct current motor is described by Kuo [Ref.

4:p. 167] as a "torque transducer that converts electrical

energy into mechanical energy." The torque is produced by

the interaction between a uniform, radially oriented

magnetic field generated by a collection of permanent

magnets and the current traveling in the armature coil wire.

Kuo (Ref. 4:p. 172] states that it can be assumed

in modeling a DC motor that the torque developed by the

motor is proportional to the magnet-armature air gap

magnetic flux and armature current. In order to achieve a

large torque from the motor system, substantial current must

be maintained on the motor.

c. Electrical Analysis of Motor Circuit

The electric current flowing through the motor

circuit is subjected to an impedance comprised of both

resistive and inductive terms. In addition, the rotation of

the armature coil through the magnetic field of the

permanent magnets generates a "back" electromotive force

14



(emf). The equivalent electric circuit can be modeled as

shown in Figure 3.

L R

INOUCTOR RrSISTOR +

V in 
vb Kf __

dt

Figure 3
Electrical circuit model of DC motor

d. Mechanical Influences on System Performance

There are many similarities between the

electrical and mechanical impedances in the motor circuit.

Whereas the product of a resistive constant (resistance) and

electron flux (current) results in a force (voltage) in the

electrical sense, the product of a friction constant and

shaft velocity on moving parts of the motor system causes a

force in the mechanical sense.

In addition, much like the reactive load in the

motor windings discussed above, the performance of the servo

drive system is influenced by inertial loads from rotating

masses internal and external to the electric motor.

15



2. Solution of Differential Equation

Both electrical and mechanical components of the

influences on the performance on a DC motor can be combined

in a single differential equation describing the system

reaction to a given force (voltage). The mathematical model

employed in deriving the theoretical performance in the

servo drive system was adapted from DiStefano, Stubberud,

and Williams [Ref. 3: p. 107] and Kuo [Ref. 4: p. 171]. The

following definitions will be used throughout this analysis:

i - Electrical current through the motor circuit.

L - Motor inductance

R - Motor winding electrical resistance

Kf - Proportionality constant applied to shaft
rotational velocity to derive back emf voltage.

Kt - Proportionality constant applied to current in
motor windings to derive torque output of motor.

vb - Back EMF resulting from the rotating armature
Equivalent to KfdG/dt.

9 - angular position of the motor shaft.

T - torque generated by motor.

B - total viscous friction from all moving parts.

J - Total inertial load (motor and load).

vi - voltage impressed on motor.

It is significant to note that Kuo includes an

additional term TL(t) in his development of the differential

equations. According to Kuo, TL(t) represents the torque

that the motor has to overcome in order to have motion,

16



i.e., as a result of static friction. This term creates a

great difficulty in formulating a solvable differential

equation, as it cannot be considered as a linear term. Kuo

states that it is set to zero after presenting the same

Laplace transform of the time dependent form of the

differential equation that is offered below. The term is

therefore also left out of the mathematical model in this

thesis.

With the above considerations in mind, the

differential equations of the motor armature circuit and the

inertial load are

Motor Armature Inertial Load

di de d2e de
Ri + L - = v, - Kf - and Kti = J - + B - . (1)

dt dt dt2  dt

The Laplace transform of the two equations in (1),

with initial conditions zero, is

(R + sL) I = V - Kfse and Kti = (Js2 + Bs)e. (2)

A simultaneous solution of the equations in (2) to

establish a transfer function between V and 0 is

e(s) Kt

V(s) (Js 2 + Bs) (Ls+R) + KtKfs

17



After rearranging terms in equation (3), an

alternate form of the transfer function is

e(s) Kt/JL
- . (4)

V(S) s[s 2 + (B/J + R/L) s + ((BR+KtKf)/JL)]

The next step in solving the differential equation

entails breaking the quadratic term in the denominator into

the product of two expressions. Without going through the

algebraic manipulations, the quadratic term can be replaced

with

BL+RJ+X" BL+RJ-X2

where X = [(BL-RJ) 2 - 4JLKtKf] .

At this point, the transfer function is in a form

that can be solved using usual inverse Laplace

transformation methods. To reduce confusion in the solution

of the equation, the following substitutions will be made.

BL + RJ [(BL-RJ)2 - 4JLKtKft]

Let A= and C= (6)
2JL 2JL

Equation (4) can therefore be represented in the

following form,

e(s) V(s) [ 1 -
JL s(s+A+C)(s+A-C)

18



Employing the method of partial fraction

decomposition, equation (7) can be expanded to

K V(s) x y z 1
e(S) = [ (8)

JL s (s+A+C) (s+A-C)

The method to determine x, y, and z is tedious but

algebraically straightforward. The solutions are

1 1 1
x - , y = , z = (9)

(A2 - C 2 ) 2C(A+C) 2C(C-A)

Combining equations (8) and (9), the transfer

function is presented in a form capable of being converted

back to the time domain. The relationship between e and V

is

O(s)= Kt 1 s)+ K] V(s)

s JL(A2- C 2) s 2JLC(A+C) (s+A+C)

+ Kt V(s) (1)
2JLC (C-A) (s+A-C)

Inverse Laplace transformation of equation (10) to

the time domain is

e(t)= Kt ] V(T)dT + I A V(t) *e ( AC)t]e I)=JL (A2-C 2 ) 02JLC (A+C)

- 9 [ K11
[2JLC (A-C) [~)*(Ct

19



Variables A and C are as defined in equation (6).

The system response is thus found to be the sum of three

terms. One term involves an integral over the time in which

the voltage is applied to the motor, while the other two are

the convolution of the voltage applied to the motor and an

exponential term describing the response of the system. The

numerical solutions of the equation given various stimuli

required the use of the commercial equation-solving program

called MathCAD.

Equation (11) was entered into MathCAD version 2.0

using hypothetical values close to those measured for the

actual motor used in this thesis. The results of MathCAD can

be found in Appendix A. The predefined units documented at

the last page of the MathCAD calculation were tracked by

MathCAD throughout the calculation to ensure the correctness

of the equations.

The convolution of the applied voltage with the

system response terms was the difficult part to the MathCAD

setup. However, noting that the convolution of two terms in

the time domain is equivalent to the multiplication of their

Fourier transforms made the time domain solution of the

equation relatively simple. The Fourier transform of the

terms were calculated and multiplied by MathCAD. The

inverse Fourier transform was then taken of the product.

The initial results obtained from this process did

not, however, turn out to be accurate. MathCAD apparently

20



applies a multiplication factor equal to the reciprocal

square root of the number of samples taken in the Fourier

transform. It apparently multiplies the inverse Fourier

transform by an identical factor. In the convolution

calculation, however, two frequency domain quantities are

multiplied and then their product is inverse transformed

back to the time domain. The net effect was that the

MathCAD output was improperly scaled by the factor described

above. This improper scaling is evident in the final

MathCAD calculation of the second and third terms of

equation (11).

The graph provided on the second page of the MathCAD

printout shows the motor response (no feedback) to a voltage

pulse of arbitrary length. The quadratic shape of the

response curve while the voltage is applied is typical for

the acceleration of the motor. The ringing in the output is

apparently the result of the motor internal inductance

reacting with the self-inductance back emf term, vb.

C. SYSTEM DESIGN

1. Motor Selection

A Clifton Precision Model DH-3250-C-1, high torque

permanent magnet servo motor was selected from the Herbach &

Rademan Company in Philadelphia, Pennsylvania. The motor

was chosen because it would run on 12 volts direct current,

had dual shafts, was easily mountable, and could be run at

21



12 amperes maximum current. The only documentation

available for the Clifton Precision servo motor was the

catalog specification. A copy of the catalog specification

is provided in Appendix B.

2. Power Operational Amplifier Selection

A National Semiconductor Model LM12 150 Watt

operational amplifier was chosen to power the servo motor.

The operational amplifier was chosen because it could

deliver 10 amperes (bipolar) from a wide range of supply

voltages. A specification sheet of the LM12 operational

amplifier can be found in Appendix C.

3. Power Supplies

Two Power-One Model HD24-4.8-A 24 volt DC power

supplies were chosen to drive the entire system. The power

supplies could each deliver 4.8 amperes of current, and were

available from the National Stock System. A specification

sheet for the Power-One 24 volt power supplies can be found

in Appendix D.

4. Cage Design

A sturdy metal cage was needed to house the motor

and to provide the means to mount a shaft position encoder

without allowing any mechanical flexure between the motor

and encoder. The cage design was set forth on the drawing

found in Appendix E. The material for the cage was
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standard shelving, heavy-gauge angle sheet steel with bolt

holes prepunched for easily assembly.

5. Shaft Position Encoder

A Clarostat Model 601V opto-mechanical shaft encoder

was chosen because it provided an inexpensive means to begin

the design of the servo subassembly. It requires only 5

volts DC, and provides TTL logic output in quadrature (900 ±

45° ), as shown in Figure 4, at a rate of 128 pulses per

channel per revolution. The only information available for

the Clarostat shaft encoder is the catalog specification. A

copy of the catalog specification for the shaft encoder is

found in Appendix F.

6. Motor - Encoder Coupling

A custom coupling was designed to connect the 0.5

inch diameter shaft of the motor to the 0.25 inch shaft of

the encoder. The coupling material was chosen to be

aluminum to minimize inertial effects while to maximize

torsional strength. Small set screws were installed on each

opening in the coupling to lock the shafts into position.

An engineering design drawing of the coupling is found in

Appendix G.

7. Encoder Analog Conversion Board

A circuit was designed to take the encoder digital

signals and to convert them to an analog voltage which

varied linearly with shaft angular position. The final
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circuit schematic is found in Appendix H. Low-power

Schottky TTL logic integrated circuit chips were used in the

design.

Square wave TTL pulses are sent from the encoder in

quadrature, which means that depending on the direction of

the rotation of the encoder shaft, the pulses on the encoder

channel A or B lead or lag each other by approximately 90?

The pulses on encoder channel A (pin 2) are fed to the clock

input on the first 74LS74 edge-triggered, D-type flip-flop

(UA), the D input on the second edge-triggered, D-type

flip-flop (UlB), and also to a standard 74LS00 NAND gate

(U2A). Copies of the manufacturer's data sheets for the

74LS74 flip-flop and the 74LS00 NAND gate are provided in

Appendices I and J.

In the same manner, the pulses on encoder channel B

(pin 4) are fed to the clock input on the second edge-

triggered D-type flip-flop (UlB), the D input on the first

edge-triggered D-type flip-flop (UA), and also to a

standard NAND gate (U2D).

The operation of the flip-flop/NAND gate combination

is straightforward. When the encoder is rotating in the

"forward" direction, the pulses from channel A lead the

pulses from channel B by approximately 90? This causes

flip-flop UA to latch a TTL "high" signal on the Q output.

This high signal causes the NAND gate to allow the negation
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-F- Approximately 90 degrees
lag in second channel pulses

Figure 4
Typical dual channel encoder signals in quadrature.

of the pulse train from encoder pin A to pass on to the up-

down counter, U3. As the pulse train from pin B of the

encoder fed to UIB clock input lags the pulse train from pin

A of the encoder fed to the D input, flip-flop UIB remains

off, with a TTL "low" signal on the Q output. With one

input to the NAND gate always low, the output of the NAND

gate is always high (when the encoder is rotated in the

forward direction). The 74LS193 up/down counter requires

this high signal on the inactive up or down input in order

to count the active pulsing input. A copy of the
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manufacturer's data sheet for the 74LS193 up/down counter is

provided in Appendix K.

Each up/down counter can maintain 4 binary signal

outputs. As the first counter exceeds its count at 15, it

passes a carry output to the second counter. In all, the

two counters can support a total count of 256 (0 - 255).

The 74193 up/down counters are fully programmable, that is

it has the capability of being preset to a certain level on

any of the 4 outputs by entering that level on the data

input (A,B,C,D) while the load input is low. That

capability was utilized in this design with 5VDC applied to

the 2.2K ohm resistor connected to pin 9 of the second

up/down counter, U4. Thus when switch SW2 is closed, the

overall count is programmed, or preset, to 128. The intent

of this feature is to preset the nominal servo position,

corresponding to 128, so that the shaft position could then

be monitored for a full turn (128 pulses) in either rotation

direction.

The 256 binary counts are fed to an 8-bit digital-

to-analog converter (DAC), U5. The DAC connections

conformed to recommendations in the typical application on

the DAC0808 National Semiconductor data sheet. The data

sheet is provided in Appendix L. The output of the

conversion board is a negative current that provides the

necessary signal input to the first stage of the amplifier

board.
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Two microswitches were designed into the circuit for

calibration purposes. The first switch, SWi, sets the

position count to zero. The second switch, SW2, sets the

position count to 128, corresponding to the nominal

operating position. The intent of switch SWi was to allow a

count reset in which the minimal voltage could be

established easily during the development of the system. It

serves no formal purpose in the finished product. Switch

SW2 is more important in that system setup and calibration

require the nominal position to correspond to the preferred

"zero" shaft position. With the motor turned off (switch

SW3), the null offsets (R10 and R15) can be fine tuned.

After this initial set up, no additional tuning is

necessary.

8. Amplifier Board

A series of operational amplifiers boost the voltage

of the position signal to provide the necessary negative

feedback to the motor to servo it into position. The total

signal from the encoder circuit is input to the amplifier

circuit having a voltage range of approximately -10 to 0

volts DC (measured across the 2.2K ohm resistor R12 on the

feedback amplifier circuit schematic (Appendix M), depending

on the shaft position. A null offset is applied at the

input so that the input signal reads zero volts at the

nominal shaft position. This signal varies up or down on
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either side of zero volts as the shaft rotates clockwise or

counterclockwise.

Two LM324 quad operational amplifier ICs were used

in the final design of the amplifier circuit for simplicity

and board space limitation reasons. A copy of a

representative manufacturer's data sheet is provided in

Appendix N.

The values of the feedback resistors which determine

the amount of gain from each amplifier were chosen fairly

arbitrary; however, a few constraints had to be considered.

First, the input resistor to each amplifier stage had to be

fairly small, in the 1000 ohm range, so as to be much less

than the input impedance of the operational amplifier.

Secondly, the gain of each amplifier stage had to be fairly

small, on the order of 20 or 30, so that the null offset of

the encoder "zero" position could easily be adjusted. In

addition, with smaller increments of gain in each amplifier

stage, the overall circuit performance seemed to be more

stable than with a single large gain amplifier. Fine

adjustments to the circuit's overall feedback gain were

possible using standard grade potentiometers. Lastly, with

several amplifier stages, convenient voltage summing points

were available in the circuit during the prototype

development.

The signal is boosted to the level in which a shaft

rotation from the nominal position of ±1 count on the
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encoder circuit causes (approximately) a ±5 volt signal to

be applied to the motor power amplifier. Likewise, a shaft

rotation of ±2 counts in either direction results in a ±10

volt signal at the input to the motor power amplifier. The

signal is designed to saturate for three counts in either

direction at approximately ±15 volts. A "potential well" is

therefore created that maintains a stable preferred

position. The selection of the voltage levels mentioned

above was a significant portion of the system development

and is discussed in greater detail in the System Testing

chapter.

A separate set of operational amplifiers serve as a

high-pass Butterworth-type filter to boost the higher

frequencies of the incoming position feedback signal to

enhance the servo system's response at higher frequencies.

Further discussion of the high frequency requirements for

this system can be found in the System Testing chapter.

9. Motor Driver Power Operational Amplifier

The amplified encoder feedback signal is sent to the

National Semiconductor LM12 150 Watt power operational

amplifier circuit. The schematic of the motor power

amplifier circuit is provided in Appendix 0. The LM12 was

selected because of several desirable features. According

to its catalog specification sheet, provided in Appendix C,

the LM12 is capable of delivering ±10 amps output current at
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any output voltage, while being completely protected against

overloads, including short circuits to the power supplies.

These features made the LM12 ideally suited to the expected

demands of a high torque servo motor.

Although the LM12 has internal overheating

protection, a heat sink was selected so that the power amp

could operated continuously high load with minimal

degradation in performance due to internal heat generation.

A large, extruded aluminum, black anodized heat sink

designed for a 3 pin TO-3 integrated circuit package was

modified to allow sufficient clearance for the unusual 4 pin

configuration of the LM12.

The basic design of the LM12 circuit is that of a

voltage follower. According to Rutkowski [Ref 5, p. 54], an

operational amplifier configured as a voltage follower

provides the circuit both an extremely large input

resistance while being fully capable of driving a low

resistance load.

The catalog specification sheet for the LM12

recommended that the voltage supply leads to the operational

amplifier be by-passed with low-inductance capacitors

having short leads and located close to the LM12 package

terminals to avoid spurious oscillation problems. The

catalog specification claimed that the LM12 is stable with

"good-quality" electrolytic bypass capacitors greater than
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20 AF. A convenient value of 47 AF was selected for this

application.

Due to the highly inductive load that the servo

motor places on the LM12, output clamp diodes were installed

between the LM12 output and the voltage supplies to the

LM12. According to the LM12 catalog specification, the

stored energy in the load inductance can drive the output

voltage outside the supply voltages. The specification

states that, although the 11412 has internal clamp diodes,

extreme conditions can cause destruction of the IC. The

specification explains that National Semiconductor's

experience with the LM12 is that random failures will occur

if the output to the LM12 is hard-wire shorted when external

clamp diodes are not used and the supply voltages are above

±20 volts. As the LM12 is intended to be operated at

voltages of ±24 VDC, the clamp diodes are very necessary.

Large diodes of type IN5408 were chosen for this purpose.

In the voltage follower configuration used in this

thesis project, the op amp is highly susceptible to low

amplitude oscillation. The oscillation, according to

Horowitz and Hill [Ref. 7, p. 245], occurs when the open-

loop phase shift reaches 1800 at some frequency at which the

gain is greater than one. At that frequency, negative

feedback becomes positive feedback. This situation provides

the necessary condition for oscillation.
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To reduce the possibility of oscillation in an

uncompensated op amp such as the LM2, the manufacturer and

Horowitz and Hill [Ref. 7, p. 245] recommend unity-gain

frequency compensation. By utilizing the R-C combination

proposed by the manufacturer to reduce feedback at higher

frequencies, the LM12 was stabilized.

Further discussion regarding feedback oscillation in

the LM12 can be found in the electronics prototyping

subsection under the System Assembly section.

All wiring to the motor that would be expected to

carry loads over I amp was at least 14 gauge in thickness to

minimize voltage losses due to wire resistance.

10. Voltage Regulator Circuit

A final addition was made to the amplifier circuit

described above in order to provide for conversion of the

±24 VDC input voltage to the +5 VDC and ±15 VDC needed by

the operational amplifiers, and encoder DAC circuit and the

encoder itself. Three IC chips were selected to perform

this task. The LM7805, LM7815, and 1M7915 chips were chosen

because of their availability. Capacitors were placed on

the output of each convertor to ensure a filtered voltage

output, as was recommended by the individual manufacturers'

data sheets.

Copies of the LM7800 and LM7900 series voltage

regulator data sheets are provided in Appendices P and Q.
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D. SYSTEM ASSEMBLY

1. Motor - Encoder Cage Assembly

A sturdy metal cage was assembled following the

design in Appendix E, using heavy duty shelving braces. The

angular braces were bolted together using one inch long,

5/16" course-threaded bolts with lock washers and nuts. Two

strong bars were mounted horizontally on the front of the

cage spaced at a distance sufficient for the motor shaft

clearance. Two brackets were installed within the cage

approximately 6 inches from the front of the cage to provide

locations to bolt the encoder mounting bar.

The finished cage assembly was mounted to a one inch

thick piece of plywood to provide additional vibration

resistance.

A photograph of the completed cage - plywood base

assembly is provided in Figure 5.

2. Motor - Encoder Mounting

The next step in the assembly process was to mount

the DC motor and shaft position encoder in the cage. Four

holes were drilled in the 1 1/2" wide mounting bars on the

front of the cage in locations corresponding the hole

pattern on the front of the motor. Four 1/2" long 8/32

stainless screws were installed to secure the motor to the

mounting bars. The mount was considered sufficiently sturdy

that rear mounting bars were not used.

33



AMR!'-

Figure 5
Photograph of Cage Assembly and Plywood Base
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An aluminum motor-encoder coupling was mounted onto

the rear 1/2" diameter shaft. A photograph of the finished

coupling is provided in Figure 6. The coupling was secured

to the motor shaft using a 6/32 set screw. A 9/16" hole was

drilled in a 6" long, 1 1/2" wide horizontal bar to

accommodate the encoder mounting shaft. Two 3/8" holes were

drilled at opposite ends of the bar to mount to the brackets

within the cage.

A simple procedure was followed to avoid preloading

stresses on the encoder shaft. During early tests the

preloading stresses were found to cause a great deal of

rotational friction. The encoder was loosely inserted into

the motor-encoder coupling and all mounting bar bolts were

first tightened. Next, the encoder shaft nut was tightened.

Finally, before tightening the encoder shaft set screw, the

coupling alignment was rechecked by rotating the motor shaft

while ensuring that the encoder shaft did not rotate.

A photograph of the motor and encoder mounted in the

cage is provided in Figure 7.

3. Assembly of Power Operational Amplifier.

After modifying the aluminum heat sink mounting hole

pattern to accommodate a 4 pin TO-3 IC package, the 122

power amplifier was installed in the aluminum heat sink

using two 3/8" long 6/32 screws. A thermally conductive
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Figure 6

Motor-Encoder Shaft Coupling Photograph
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Figure 7
Photograph of Motor and Encoder Mounted in Cage
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heat sink compound was used to ensure good thermal contact

between the IC package and the heat sink.

It is important to note that the case of the LM12 is

the negative voltage supply input. The heat sink is, in all

likelihood, at a potential of -24 VDC when the system is

powered up. This was not a problem during the prototype

testing because the heat sink was mounted to a plywood base.

If it is to be in electrical contact with ground or any

other component in a future design, a thermally conductive,

electrically insulating washer such as mica or anodized

aluminum should be installed between the IC and the heat

sink and some thermal compound should be placed on both

faces of the washer.

A photograph of the LM12 power operational amplifier

mounted on the heat sink is provided in Figure 8.

4. Electronics Prototyping

a. Encoder Analog Conversion Circuit

The encoder analog conversion circuit was first

assembled on a Global Specialties Protoboard Model PB-503.

A photograph of the protoboard is provided in Figure 9. The

protoboard was ideal as it provided the +5VDC, ±15VDC and a

common ground point needed for the ICs and encoder described

in the System Design section C.7. The protoboard also

provided an excellent reference signal in the form of either

a square, triangle or sinusoidal waveform.
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Figure a

Photograph of LM12 Op Amp and Moat Sink Asembly
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Figure 9
global Opeaialties ProtoboarG Model PB-S03
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The prototyping of the encoder analog converter was

very successful in that the early design produced a uniform,

linear, digital-to-analog converter output as was needed.

One point worthy of note concerns the DAC positive

reference current, 114. According to the manufacturer's

data sheets for the DAC0808 Digital-to-Analog converter, the

maximum current to be applied on pin 14 is 5 mA.

Unpredictable output from the DAC resulted from accidently

exceeding the I14 current limit during prototype testing.

Care must be taken in ensuring the resistor value between

pin 14 of the DAC and +15 VDC is greater than 3000 ohms. A

resistance of 6.2K ohms was determined to provide

satisfactory stability over the full range of voltage output

by the DAC.

b. Feedback Amplifier Circuit

After the prototype encoder circuit was

transferred to a hardwired circuit card, an amplifier

circuit was prototyped on the same protoboard mentioned

above. The amplifier circuit initially employed several

LM301 high gain operational amplifiers. They were used

because of their easy availability and simple design. A

copy of the LM301 manufacturer's data sheet is provided in

Appendix R.

The prototyping of the amplifier circuit was very

difficult because of the author's lack of familiarity with
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the operation of the LM301 op amps. Several unsuccessful

designs were attempted. After many instructional meetings

with the thesis advisor, a successful combination of

inverting operational amplifiers tied together in series was

found experimentally to address these problems. An

approximate total gain for the feedback amplifier section

was determined early in this phase of the circuit design.

The difficult issues were how to provide for summing points

for the amplified feedback signal and the reference input,

such that they would not interfere with each other. This

was dealt with during prototyping by providing an input

preamplifier stage to the feedback and reference signals

before the two were summed. The feedback preamplifier stage

had a gain of 20, while the reference signal input required

unity gain.

The LM301 operational amplifiers were eliminated

from the final design because they required too much board

space and were not internally compensated for frequency

response. As the system was not expected to be run at very

high frequencies, circuitry with adjustable frequency

compensation was deemed unnecessary. In addition, during

several instances in prototyping, the LM301 operational

amplifier stages would apparently interact, lose stability

and go into high frequency oscillation.

To simplify the amplifier design by reducing

components, the four LM301 Operational Amplifiers needed at
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the time were replaced by a single LM324 quad op amp that

had the same high gain characteristics of the LM301 but

included internal frequency compensation. This meant a

minimal number of external components were necessary to

support the IC. The LM324 was also found to provide a much

more stable signal at high gain than did the series of LM301

ICs.

Adjustable input voltage offsets (potentiometer)

were added to particular operational amplifiers to calibrate

the zero position of the encoder. After a successful test of

the feedback amplifier was achieved, the author considered

ways to improve the feedback signal by stabilizing it very

large gain.

During prototype tests with the LM301 op amps,

however, the author found that at large preamplifier gains,

the motor position would be unstable and the motor would

vibrate at what appeared to be a natural resonant frequency

of about 25 Hz. Several attempts were made to design

circuitry to eliminate motor vibration at these upper gain

levels. The first attempt was to insert a low pass filter

inline with the preamplifier stages to suppress gain at

frequencies above approximately 25 Hz. A standard design

was adapted from Jung [Ref. 6, p. 498]. A copy of the low

pass filter schematic and component values are provided in

Appendix S.
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The low pass filter was not successful in

eliminating the vibration. The system response was

decreased (no higher frequency response components), and the

oscillations both grew larger in amplitude and shifted to

lower frequencies.

A band-elimination filter to eliminate the 20-30

Hz range was considered briefly, but it was not actually

implemented. It was felt that, if a 25 Hz excitation was

placed on the servo system, it would not respond.

Therefore, the design seemed unacceptable in this form and

was not tested further.

A final effort at eliminating the oscillation was

made with a differentiator circuit placed in a negative

feedback arrangement in the preamplifier stages. The idea

was to use the differentiator as a type of electronic

"friction", as it would perform a differentiation of the

voltage in the feedback loop. Differentiating the voltage

analog of the system's "acceleration" produces a voltage

analog of "velocity". As frictional torque is a velocity-

dependent concept, it was felt that introduction of

artificial friction into the system could cut down the Q of

the oscillation, thereby stabilizing the response.

The attempt at a useful differentiator circuit is

shown in Appendix T. The circuit design was adapted from

Jung [Ref. 6, p. 365]. This circuit proved to be

unsuccessful because of the discrete nature of the encoder
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output. Each step in the encoder output resembles an

infinite acceleration, and thus tends to drive the

differentiator circuit into producing a delta function-type

spike at its output.

After several unsuccessful attempts with the

different feedback filter configurations, the LM324 Op Amps

were introduced as mentioned above, which stabilized the

feedback considerably. At this point, it was the author's

judgement that boosting the high frequency components of the

feedback signal would help better stabilize the motor as

well as increase the overall system response.

A 100 Hz, two pole Butterworth high-pass filter

design, adapted from Horowitz and Hill [Ref. 7, p. 274], was

placed in the preamplifier stages. The high-pass signal was

amplified and summed with the feedback signal at the point

where it is fed to the motor power amplifier. This

arrangement not only boosted the frequency response of the

system to broad-band inputs such as square waves, but also

served to stabilize the feedback loop.

c. motor Power Amplifier Circuit

The author's original thoughts in the prototyping

design of the LM12 power amplifier were to configure the IC

in a high gain configuration, thus reducing the need for a

complex system of preamplifiers. Many unsuccessful attempts

were made to vary the feedback values to produce a stable

motor drive signal. In every instance the LM12 output
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suffered from high frequency, low-amplitude oscillations and

instability. Reconfiguring the 1M12 as a voltage follower

with input compensation eliminated the problem. As part of

the original prototype input compensation, a 5K ohm resistor

was placed in parallel with a 200pf capacitor at the input

to the LM12. During later system tests, the author found

that removing the resistor/capacitor combination on the

input boosted the gain of the system, while the output

remained free of oscillation.

The early prototype design of the IM12 power

operational amplifier circuit included a 5 ohm resistor and

a 4g henry inductor combination in series with the motor

load. The manufacturer's data sheet for the LM12

recommended inclusion of these components to improve the

amplifier's performance when driving highly reactive loads.

During system tests the resistor value was repeatedly

reduced by trial-and-error, and system performance improved

with no side effects. During most of the prototype testing

period, a 1 ohm high wattage output resistance was used.

This resistance approximately halved the power delivered to

the motor. Once final trimming of the amplifier's response

was completed, the resistor/inductor combination was

removed. The motor shaft torque dramatically increased as

all of the circuit power was then available to the motor.
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5. System Hardwiring

a. Circuit Boards

Following the prototype testing of the encoder

analog conversion and amplifier circuits, a more permanent

version of each circuit was assembled on a soldered circuit

board. The operation of the completed boards was

functionally identical to the circuits assembled on the

protoboards. Screw lug terminals were attached to wires

leading to and from the circuit boards to ease in

maintenance. Pin-to-pin connections between ICs were done

using above-board wire jumpers that were soldered on the

under side of the board. The ICs were fixed to the board

using appropriately sized solderless IC sockets.

Photographs of the encoder analog conversion and amplifier

circuit cards are provided in Figures 10 and 11.

After assembly, the circuit cards were mounted to

the system plywood base using round head wood screws and

aluminum standoffs. Lastly, the wires leading to and from

the circuit cards were attached to terminal blocks also

mounted on the plywood base.

Drawings of the component locations on each of

the encoder DAC and feedback amplifier circuit cards are

provided in Appendices U and V. All components which could

require adjustment are identified as is the input/output

wiring of the circuit cards.
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Figure 10
Photograph of Encoder Analog Conversion Card.
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Figure 11
Photograph of Amplifier Circuit Card.
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b. Motor Pover Amplifier Circuit

The LM12 power operational amplifier and heat

sink assembly discussed in the System Assembly section of

this thesis was mounted to the plywood base. The LM12 pins

on the underside of the heat sink were connected to a screw-

type terminal block with 14 gauge wire. The additional

circuitry comprised of output clamp diodes, supply voltage

capacitors, and input compensation were mounted on the

terminal block for accessibility. In a more permanent

system, these components should be mounted as close as

possible to the pins of the LM12 to further eliminate

spurious oscillation problems.

c. Completed System Configuration

A photograph of the completed servo motor system

is provided in Figure 12. The reference signal input was

mounted in the front to the left of the motor-encoder cage

with a BNC input connection. Supply voltage is routed to a

terminal block mounted toward the rear.

E. SYSTEM TESTING

1. Preliminary Prototyping Setup Testing

a. Shaft position/feedback signal levels

The key to the performance and stability of the

servo system was essentially the determination of the degree

of feedback that corresponded to an incremental deviation in

shaft position that registered as a change in the encoder's
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Figure 22
Photograph of Completed Motor Servo Sys tem
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least significant bit (LSB). Through tests during the

prototype development, the author found that the optimum

setting of the feedback signal from the amplifier circuit to

the motor power amplifier was ±5 volts for such a LSB change

of the shaft encoder output (saturating at ±15 VDC). Any

more amplification of the feedback signal would cause the

system to behave like an undamped oscillator. In that

configuration, the system would be metastable and break into

oscillation at the slightest disturbance from its initial

equilibrium state. The ± 5 VDC steps provided a sort of

"potential well" where the motor could quickly and safely

stabilize at its nominal position.

The test conducted to make the determination

described above was fairly simple in nature. The voltage

level of the feedback signal being fed to the motor power

amplifier was monitored on a Tektronix Model 2336, 100 MHz

oscilloscope like that shown in Figure 13.

A ±5 volt square wave signal was fed to the

reference signal input port. While the motor was responding

to the reference signal, the gain on the final stage of the

amplifier circuit was increased by adjusting the board-

mounted potentiometer. Once the system lost stability due

to the increased gain, the potentiometer resistance was

slightly reduced to the point where the response was

consistently stable.
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Figure 13

Photograph of Tektronix Model 2336 OSCilloScope
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To determine the feedback voltage levels, the

reference signal was removed. The motor was disabled with a

switch in the wire between the motor's negative terminal and

ground. The motor was turned by hand in order to vary its

position by only a few positional bits in each direction

while watching the voltage of the feedback signal on the

oscilloscope. Thus the feedback voltage levels were noted.

Three conditions of gain versus system stability

were measured and are presented graphically in Figure 14 to

illustrate their relationship in the servo system. The

first (top) line in the graph represents the gain which the

system is metastable, i.e., any perturbation would set the

motor into oscillation. The second line is the optimal gain

condition at which the system has maximum torque and

consistent stability. The third line represents the gain

value at which the system response is significantly

diminished. Due to the digital shaft encoder, the graph

displays the discrete values of feedback gain versus

rotational deviation.

Potential wells analogous to that of a damped

harmonic oscillator are superimposed in dashed lines on the

graph in Figure 14 to provide a correlation to the discrete

system response. A steeper slope (high gain) corresponds to

an underdamped motion; which, in the case of the servo

system, results in metastable behavior. Slightly below the

system's metastable gain region is the optimal operating
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condition. This is analogous to a critically damped

harmonic oscillator. Further reduction of the system gain

in turn diminishes the system response and the behavior

becomes sloppy. This correlates to the overdamped motion of

the harmonic oscillator.

2. Motor Speed Test

A motor speed test was conducted to ascertain a

baseline performance measure of the system. A low frequency

(5 Hz) square wave at approximately 2 volts peak-to-peak was

used as the reference signal. The system response signal

was taken from the output of the first stage of the

amplifier circuit so that the response was adequately

buffered by the amplifier stage.

The photograph of the oscilloscope trace (Figure 15)

provides clear evidence of the superior speed and tracking

ability of the feedback system. The dots in the system

position response trace are the result of the discrete

voltage output of the D-A converter in the Encoder Analog

Conversion circuit. As 128 pulses are generated by the

encoder per shaft revolution, each dot in the trace

represents 3600 /128, or approximately 2.8: of shaft

movement. Counting the dots reveals that 36.40 of shaft

movement occurred in 20 milliseconds. It is also noted that

the shaft was locked into position within 40 milliseconds of

arriving at the 1/e rise time position. Therefore, it is
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Figure 15_
Servo Motor Speed Teut -oscillosope Trace
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safe to assume that the system response time constant falls

in the 20 - 40 millisecond range, corresponding to a

frequency bandwidth of 25 - 50 hertz.

3. Motor Torque Test

A test was conducted to determine the torque

capability of the system under a static load. A torque test

bar was designed as shown in Appendix W. A photograph of

the test being conducted is provided in Figure 16. The

motor supported a 250 gram load at a right angle to a moment

arm of 10.0 cm for approximately 30 seconds. The torque of

the system was therefore calculated to be 0.245 N-m. The

power amplifier and heat sink were extremely hot after the

test, but the system performance did not deteriorate.
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Figure 16

Photograph of Torque Test getup
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IV. SUGGESTIONS FOR FURTHER RESEARCH AND SYSTEM ENHANCEMENTS

The system fabricated under this thesis works superbly

as designed. However, positioning the orthogonal function

image mask to the resolution needed for the imaging system

proposed by Davis will require a shaft position encoder with

at least 100 times finer resolution.

Referring again to Figure 14, the discrete nature of the

position encoder used in this thesis project would force the

system to be metast-.'le at gain levels much lower than that

possible with an analog feedback system. The system behaves

much like a marble in a box. The position of the marble in

the box is difficult to stabilize if the box is disturbed.

However, a marble placed in a smooth bowl and disturbed will

inevitably return to the nominal (center) position. With

proper damping, the marble will quickly settle on the

nominal position.

T3 make the system behave in a similarly smooth manner

as the marble in a bowl described above, an encoding scheme

is under development in another thesis study to employ a

phase-locked loop analog feedback system instead of the

simple digital version employed in this thesis project.

With the analog feedback, much greater system sensitivity

will be possible. Likewise, it should be possible to
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increase overall system gain once the transients associated

with the current low resolution encoder are eliminated.

Future feedback system enhancements planned by Davis,

such as using the differentiator feedback circuit to induce

the artificial friction mentioned in section D.4.b., will

also help stabilize the circuit at much larger feedback gain

levels.
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V. CONCLUSIONS

The development of a baseline, highly capable and

upgradeable servo system for an imaging spectrometer system

was successful. This thesis offers incontestable proof of

the power, stability and precision of the servo system while

utilizing a digital shaft encoder only accurate to ±1.5?

The exercise of developing a theoretical mathematical model

of the system response proved extremely useful in

understanding the system's actual behavior when reacting to

a pulse-type voltage stimulus.

The work on this servo system, however, is far from

complete. Following the development of an analog phase-

locked loop system, the system will enjoy much higher gain

in the feedback signal while maintaining excellent

stability.
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APPENDIX A

CALCULATION OF MOTOR RESPONSE TO PULSE WAVE

Define Variables
2 sec

L " .005"H J : .5kg-m K 20"N'm-
f coul

sec
B -. lN'm-sec R : 1" K := 0SN'm-

t coul

Derive Constants

(B-L - RJ) - 4"J-L-K -KB L + RJ t f

A =C
23 L 2 JL

-1
mm 2= 8 Ampl 2= 10"VOLT A = 100.l-time

MM -1
LL 2 C - 97.878.time

Dtfine Convolution Terms

q 0 ..(LL - 1) V(t) if(jtl < .5,Ampl.,0VOLT)

Note q is time variable
sec sec- (A+C)- q.- - (A-C) q -LLLL [

Gi :e LLG2 :e LL VV
q q q LLLJ

Derive Fourier Transform of Convolution Terms

ddl := cfft(Gl) dd2 := cfft(G2) f = cfft(VV)

Multiply Transforms -> fconvl := f "ddl fconv2 := f "dd2

q q q q q q

Perform Inverse Fourier Transform TOL : .05

convl := icfft(fconvl) conv2 := icfft(fconv2)

Calculate all response terms
q

K-
t LL

Firstterm = V(r) dTrsec

JL'LA - C
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K "ec
t

X

.. ILL- 2-3 L. C

x x
Secondterm := - convi Thirdterm - conv2

q A+C q q A-C q

0 :- Firstterm + Secondterm - Thirdterm
q q q q

enew e - e <- This step was done to start at zero (round errors)
q q 0

15

..v -1 ..'*
V V A I, ..-

- 40-enew , ../
VOLT q i l

2.'

0
0 q LL-1

Time

Plot of square voltage pulse on motor to motor angular response
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Define units

mul L sec 1T coul 1Q kg 1M

2 4
coul -Sec

2 Fm 2

kgm kgm 2 kg-m
N.- H. kg-m

2 2 2
sec coul sec-coul

2
coul kgm

JOULE Nm AMIP VOLT. m
sec 2 i

sec -coul sec
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APPENDIX yU

HI-TORQUE
PM FIELD

SERVO
12 VOLTS DC

1800 RPM
Clifton Precision #DH-3250 C-1 . .. Dual shaft
(ball bearing). Technical specifications:

Peak Torque 100 In-oz- at 12 Amps max.
Continuous Torque 38 In-oz max.

Rotor Inertia 0.0038 ln-oz per sec2

Torque Constant 8.55 ln-oz/Amp
Terminal Resistance 1.1 Ohms

Dual shafts 1/2 dia. x 0.937" and 0.88". Shaft end
mounting with three tapped 6/32 holes at one end
and four 8/32 tapped holes at opposite end. Motor
3.25" dia. x 2.875" long. Screw terminals. New.
Shpg Wt, 5 lbs.
TM89MTR5615__ _____
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APENIX C

PmNational
k2Semiconductor

LM12 (L/C/CL) 150W Operational Amplifier
General Description
The LMI12 is a power op amp capable of diving ± 35V at exceeds ISMC or as the suppl voltage approaches the
* I OA while operating from * 40V supplies. The monolithic 6VE of the Output trancistors. The IC withstands overvolt-
IC can deliver I1SOW of sine wave power into a 4n1 load with ages to I Oy.
0.01% distortion. Power bandiwidth is 60 kHLf Further, a Thsmroti op amp is compensated for unitygain feed-
peak dissipation capability, of 600W allows It to handle reaic- back, with a small-agnaJ bandwidth of 700 kliL Slew rate as
five loads euch as transducers. actuators or smnall motors By/gas, even as a follower. Distortion and capacive-load
without derating. Important features includ stability rival that of the best designs using complementary

*input protection output traneistors. Further, the IC withstands large differen-
*controlled turn on tial Input voltages and is well behaved should the common.

" thra limiting mode range be exceeded.
" overvoltage shutdown The LM12 establishes tha monolithic IC& can deliver con-
" ouptourn lmiin aiderable output power without resorig to complex vwith-

"m dyna iafe-area protection ing schemes. Devices can be paralleled or hb"'dged for eve
TheIC eliers± 1A otpu curen atanyoutut oltge greater output capability. Appliations include operational

yet is completely protected against overloads, including apifersues, ehigh-voltaerguos, ugPotesooh-ealt audio
shorts to the supplies. The dynamic "s-ares protection is amplifierstehamos. oes ~ potr r te
provided by instantaneous peak-temperature limiting within v-oto ytm
the power transistor array. The LM12 is supplied inc t our-lead, TO-3 package with V-
The turn-on characteristics are conrled bykein h on the case. A gold-eutectIc dieatch to a molybdenum
output open-circuited until the total supply voltage reach~es interface is used to avoid thermal fatigue Problem. Two

14V.The utpu isalsoopend asthecasete aure voltage grades are available; both are specified for ete
14V.Theoutut s alo oene asthe asetemeraure military or commercial temperature range.

Connection Diagram Typical Application*

4-Wm 0~M opy TO.3

0 AuIGAr INC.
Panl maibu 81 12-AG7 3.3U 4V OU

1.1k L1 2=2

0 0 IN2

0 0 S9OJ R5
41

Boto view

Order Number LM12K, LM12CK or LM12CLK
uee N8 Package Number X04A
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ac-pjsolute Maximum Ratings
.ltary/Aaropace specifled devices are requilrd, Junction Temperature Note 2

Pop contact the National Semiconductor Sales Storage Temperature Range -6!9C to 150C

7letrlutore for avaiablity and epecflcation. ead Tenperature (Soklering. 10 seconds) 300"C

oI Supp Voltage LM12/LM12C 100V ESO Rating to be Oetermined.
LM12/LM12C. S0V

avole Note I Operating Ratings
0 iA om t Intrnally United Total Supliy Voltge LMI2/LM12C 15V to S0V

LM12L/LM12CL 15V to SOV

Electrical Characteristics (Note 3)
LM12 LM12C

Parameter Conditions TyP LMI2. LMI2CL Uni

_ _ _ _ _ _ _ _ _ Umifte_
-,inut;ffstVoftge ±10V f VS S ±O.5VjMA 2 7/15 15/20 mV (ma,)

VCM- 0

input Bias Current V- + 4V c Vcm i V
+ -2V 0.15 0.3/1.0 0.7/11.0 ;A (max)

O futOffset Curent V- +4V - VCM!C V
+ -2V 0.03 0.1/0.3 0-2/0.3 ILA (max)

Coanon Mode V- +4V IVcM -V + 
-2V as 75/70 70/6 dB(min)

Relection
Power Supply V

+ 
- 0.5 VMAX, 90 75/70 70/05 dB (min)

Rejection -6V t V- k 0.5 VMAx
V- - -. SVMA, 110 80/75 75/70 dB(min)
6V V

+ C 0.5VMAx

Output Saturation tON - 1 mS,
Threshold AVIN - 5 (10) mV.

-OUT - 1A 1.8 2.2/2.3 ?2/2.1 V (max)
SA 4 5/7 5/7 V (max)
10A 5 a V (max)

Large Signal Voltage tON - 2 ma,
Gain VSAT - 2V, lOUT - 0 100 50130 30120 V/mV(min)

VSAT = V, RL - 4O 50 20/15 15/10 V/mV (min)

Thermal Gradient PDISS - 5OW, tON - 65 ms 30 50 100 FxV/W (max)

Feedback

Output-Current tON - 10 Ms, VCXSS - 10V 13 16 1 A (max)

tON - 100 ms, VDISS" 58V 1.5 1.0/0.6 0.9/0.6 A (min)
1.5 1.7 1.7 A (max)

LM12/LM12C
toN - 100 ms, VwsS - 78V 0.7 0.6/0.4 0.5/0.35 A (min)

Power Dissipation ION - 100 Ms, VO W - 20V 100 90/40 80/SI W (min)
Rating VOr - 58V so 58/35 52/3 5 W (min)

DC Thermal Resistance (Note 4) VOISS - 20V 2.3 2.6 2.9 "C/W (max)
VoXSS " 58V 2.7 4.0 4.5 *C/W (max)

AC Thermal Resistance (Note 4) 1.6 1.9 2.1 "C/W (max)

Su. Current VOJT -0,OUT - 0 60 80/90 1 120/140 mA (max)

I. NeW Vp sitoMd eOeed ft sip* v ae by mom i en Sv % nor e,,lM ohe vowage l owe lp d cew lw a1m SOVotf ot
t4 LMIVLM12C or 60 volS lot ie L12tU.LM1CL

"Ote I OWVpwa n tmofwafse Is Wwlleay Silted near 2M W OwSe paoe Wenhistr AM IWC for Ste WO draiby.
NO 3. The * . tae 40V (VMAX - SO) for So LM12tJ St3C en 0 (VMAX - SWk bf 1e LM12L/.M12CL. uWeS 00Nwiw epII ed. The
"PoP ie O owicaW A en ftwlw (wi.pyto ouipM b VOM&M blrmWl power delpeon is Poe. Te rwae " a - S ! TCc 125*C lOt
SWLM2/LMe2L NO C 9 TC • 70"C for M12C/aU12CL wts TC Is Soe ootem. Stadd "wlyPe" iel b SltSSt 25C Ne bfat "0

"Oft to iNeIt r apel condbm amo fi empemewe --t Ie. wrlI n heem ok. Ste pedug we heel at a fe of Cl Ce per of ksenul

10t 4. T ernl relOeance is bed VMW a P pek rMentesa of 20o, Is Ste i ente t of no pom --mom ernda owae at 2M 4ard st Ow
S e te e e " A .o . 'C/W ow WW op " "lu o w

4 ugh the output and supply leads are ressltant to electrostatic discharges from handling, the Input leads are noL
T1e Part should be treated accordingly.
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APPENDIX D

to0. dm4iscrte &QP% and *V0 .M4 *I AC em.r "Ear.mEL

A"wd Ms meddw -' -taif tof mooi doestic e INTERNATIONAL SERIES
corevmmoosomar a -'owo"~s DC POWER SUPPLIES

WIAM4 ES.7W bnF0~CUO DRAWING NO. 51281 REV. L
SPECIFICATIONS AND APPLICATION DATA

-VLTA0/JMMT RATMG CHART EEAUMC
-~~V bwf- Cosruto --o rot to - W31ErmIwb -~,I SC

IfLC bweo-h U.atLSU Lae. om as - MM. o.pm~ wts
>. :. 1 2. UL(-~.EgUC~u 0iSm~

mCCCL . .1--~.." - ' 00/120/"*@120-240 VAC - 21se ft. kw-wi A4
21Q UIPJ -&V -OW~ als-o u 4 Vsi.*ac/mvsat rmit

HA-1.5/0V9-A- - -

9AS&- AC OWT M0/0220/M2-240 vAC. **= -1L~ 47-43MgMA24-0.S-A wS(00.1. out" smd lId for So us sp " .. )M0-S-A 10gSm AC SSS flS. ~ - PJCAM wMOM

.21-l.2-A 1. 0C GIPUI:. Smr V.I1.pw..m 4W"h Oint Admm 'nmed.2-A 1. ISM NA&.N (idtwq .minedwn N rmwi..)M925-1-A 6.1.0 A U.ldS e ~S . 40a'.MC-:/~-A .0 C LIO MLAI00 _#AIX sm, e Mi inqe saw LOXfo 940 onsds.)
NCI2-14-A 3.4 c
"05S-3-A 3,0 C OUPU MftM 2v all Isv outee4i 10.1 PU-aK m
HC24-2.4-A 2.4 C 24V to 2WC outpoic &*lW..OZ~it ft-ft -
K=92-2-A 2.0 C (KADOftef" 01V..t ft-ft WAM..w.)

AD-2/0&P-A 12.0 0 M CIRMT*
0015-6.-A 0.80 ___~ t Auomt, ~Ark/odak

-324-4.8-A 4.8
'4026- 4-A 4.0 D 0%WUNWAGE
N2-10-A 18.0 on asECIO hd-b a-A St d 4 6.2%= ±04V1.

8412-10.2-A 1.

W 95--A 1.0 £ nl om A - ofnA. nW~&s ~ "Poeto
MC472-A 7.2 E a iV#42-&-A 4.0 t STAMUM *0.32 la 24 how, Porld aftr 4w

1.15-/049-A 9.0 N 1£IMATLM.RAWC GC t~o A-Mo. inaed. laamy to 40K at 7WC.1i2-11i-A .1N 12 CMI -w. or cash" r.eqie to ut 19C 340/65M
W"15-4.5-A 4.5 N m an of blad fewe Output P~.a
W024-16-A i.s N D(94A1

MN284-A 1 - .0 9 - N COUFICENI: *.032rC .mw
OAL. OUTPUTS

NAAS-l.S/001- -L *A -A EFFICCNCf 2V is5VWin 452NA~lS-0.B- 1.!a . . 1 1 1 2tp. 12V end lSV orto..6 55wHAA1-MBA 10 o 0. asa I orOA w")24V =VA 1 & 40W fwemft 250W emtbK 60
IEAA2-- 'm SAW AA Par UL-S D-Sl10AYMd 5U 14.&Oogay b.Pnocw.o
14AAS2-AA Doom,1 Pa SIL3.PRA1I0.I

HA~~l5Towere for 230Vm E SOAC oeration is *IS -l01
80053/09-a 17 orC 1. U Uh or~ inde ad

L95l.- i. 1. WARRANTYl 6
8142-A 0.1 0 I U0M &C Uwet soh sa 07o Is esald94C60-A &0 CC* "W Me Ik to-04 .u~bila r-tefUa toMCC5-6/i-A .%, Or 3.0 CC ort i..0 cc daiscegEmd .... m. ."IICC2IS.-A S. f1.14 CC 2fg 1 ardwiaisi orscunonino. af a Perid of tim (2) Am

"0024-2.4-A~. T . '2 2.4 CC ""~ frow ams do of Wimal "rievII=C)2-A 60~r" I I =180015-S-A 10 d~ &8 or. &6 P0~-@0 DOC. eawmm n ab s forl. Ia' ansswni
TROU des..I . of any hind oww h e wa. w Misuse of its pe..,to

MTAA-I0U-A za44 V14 or * w i ... No ~U~ ob~poleo Fif b...m
80A4010-A .I%0 1.0 v~ f7 -- 0 s o or

61A- WA 60 I orj or~ I
MM 7W- .:,41 . . -111 PRMXUTS RUUMHCD FOR EPAmG8016.-tsA 12. 1, 7 47. or7 06 Pm. MAeft. Oft voedomw ~d reun"e prodcts for sifid04M31-A 6001.7 orI 47 1.7.1 w: 131

8004 VOL1AC I . Canted P~m.-04 Coslasi So gos 0.eam #

8048-3-A a0 74A04 00 . PHM-(m0) "7-6743
0063A 4 Cse. Cian 012 FAL (MO) 678-4456

mm 002-A 4.0 2- ( USA OX.. 20O-336-.1297

I 1 0- .-A 
0 6 A M O . C 3 1 U ) 3 6 0 7

80201-012-. ifQJZ0 X A Returned Mateia AutruibIbIU C(liA) .4 be Issed ma
8250-0.1-A 0.1 0- ~ A slE msi.

-12%14, -1SV t.e p an ~ ar -5. ESU"t aear an .40 hf"dwt n atr
fo 1U 12. Wr toI do~i 3ts4mre

0 fo loGY. V04 to o....a... Products w%., be retured &**I 4 p.-Pow
l 2W to ISV Goijusto. Output Products returned frelqM select or witminw on EllA UU5Ai

- &,*O~notice.j il be rejected and returned "i64qt called
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APPENDIX E

00 000

0 e 0FRONT VIEW

0 0 6-

ee

00 000

0 0 0

0. 0 0 0

Motor-Encoder Enclosure

Navy Postgraduate School
Monterey, CA

J. P. Sargent 9/3/91
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APPENDIX F

SERIES:
am OPTICAL ROTARY ENCODER ~4

umv
6133CWK *TIIm t ls WIW 0-nowdul HI mwofi am-a w~eaMr. Ieari ftt we mom
won iMSN so ION di 120 s w o wma-r M.~8a tarna uw "a m 'ama a-C a .o. The ft1m

TU~~~~~~o Wema 1100010i63 3 a Mikg100 "cfhek &WO 1 dWW1 tIm* a-lfi
udmE ~ ~ "f urnm 15% Pus m 1"i ~ a m. =a asm" ftoos a" Raw 121 a-ulowIrp OF

a- mmokTw urns m al go0- ! 41- o Sault NO~g I*w now -24 -L IIKU M.0 I= kww w
hods SgA . "1 Immi au30M. UNOAFA MCIWTded OwI To- 2 ,.12 a - 15mt - - CK -m Ca-
mTug =,; bm". a. .0.b - 01m0a 20.f MOS Ties z-u weg 0a "m p" mam mk Im k

ANJa 90 bai
CABL.E CODE MODELU - CABLESTYI.

calm%,OMma Fun.2ion 3/8 32 NU-2A

TERM 0 FUNCTION
I5VDC ± 5%* 30 MA nma, MODEL 961 - PC TERMINAL (HORIZONTAL)

2 AOu

2 A Out

I I I

1453Ahs ~P.1.Ub
TERMtl~~quo III136 FUCTO

1 6VC ±5% 3DMA rax. MODL O - C TEMINL (ERTCAL
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APPENDIX G

Drill and tap for 6/32 set screws1 0.5_0O 0.250

S----0.75" 0.25",4-

< 1.5"

I S c a le 2 :1

Notes

1. Make from 1" Aluminum
Stock

2. Place holes for set screws
1/4" from ends. Motor -Encoder Coupling

Navy Postgraduate School
Monterey, CA

J. P. Sargent 9-5-91
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APPENDIX I

TYPES SN5474, SN54H74, SN54L74, SN54LS74A, SN54S74,
SN7474, SN74H74, SN74LS74A, SN74S74

DUAL D-TYPE POSITIVE-EDGE-TRIGGERED FLIP-FLOPS WITH PRESET AND CLEAR
NEVIS1O DECSMBE 155

" Package Options Include Both Plittic and SNS474. SN541474. SN54174'.1 PACKAGE
Ceramic Chip Carriers In Addition to Plastic 554.574A. SN54S74 ..1 OR W PACKAGE

andC~smicDPS N7474. SN74Hi74 .. JOH N PACKAGE
* ndCeaicOlaSM74LS74A. SN74S74 ... 0. J ORN PACKAGE

" Dependable Texas Instruments Quality and fCTp MEW)
FNeliabilitV UCL C 1 U 1 3vcc

Oaahton 10 1 2CLR
ption ILC3 123 2D

These devices contain two independent D-type iPftE 4 12CLK
posativet-edge-triggered flip-flops. A low levell aI the 10C 5 to~ 12 F
pVeset or cleer inputs sets or rusts the outputs 1C6 932
regardless of the levels of the other inputs. When preet GNO 7 _a2Z
and clear are inactive (high), data at the 0 irput meeting
the setup times reauiremeants are trasfrrd to the SNS474. SNS4I174 ... IN PACKAGE
outputs on the postive-going edge of the clock puls. (TOP VIEw)
Clock triggering occurs at a voltage level and is not
directly related to the nsa time of the clock pus. 1CIKC 4I T~Ti iRE
Folowing the hold Oto interval, data at the D input ay 10C 723 10
be changed vwithout affecting the levels at the ouqput. ILA C 3 123151

The SN54' family is characterized for operation over th VCC 4lIGN

full military temnperature range of -550C to 1256C. 20__ 6 0 320

The SN74' family is characterized for operaition from 2C 6 ]2aR

0 C t 0 *C. 2LCi sj2PV

S4tS74A. SN5,0S74 ... FKPACKAGEFUNCTION TABLE S7174LS74A.SN74S74 ... FN PACKAGE

INPUTS OUTPUTS (TOP VIEW1
PRE CLR CLK 0 0 5

L N4 X 2 H L
H L x X L H >

L L X x Mf Ht321209N
H H H H L 1CLK ~4 i I 6(20
H H L L H NC 517C NC
H H L X IG DR O6 Is[2CLK

Tln. 0,,tput 1411441 thoCifg8fl14 o W11t NC 7lisri NC
!o fl'..i thll 1.mo~ttht oosgt ff 1038 14( 2FRUE
a10 "'aa *,* n' V1 L manmmnt.F.I.mo th,. Ctin- tO1121

"1-1i 10. ni)-iti. t15 i s inot.
0

Z o ~itit 0 0 Id

logic symbol Mc - No 1A.14 conani@A

-141 jr----' S S logic diagram
ICK131 >II

1t0 .&
3 1

10 k 16 w

2CLK II
2011210

20 18) 20 LR

P. I-Ittiesis on@1 nottio &0010. sOw 0. J w N witnes CL OP0
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APPENDIX J

TYPES SN5400, SN54HOO, SN541.OO, SN54LSOO, SN54SOO.
SN7400, SN741,OO, SN74LSOO, SN74SOO

QUADRUPLE 2.INPUT POSITI VE-NAN 0 GATES
-REV ISEO 06OCCEMEA 1953

SF45400. SF4H40. St454LOO.. J PACKAGE
"Package Options Include Both Plastic and SJV54LSOO ' SF454S00 ... J1 OR WN PACKAGE

Ceramic Chip Carriers in Addition to Plastic SF47400. SF741400 ... .J OR N PACKAGE

and Ceramic DIPs 514741.500. SN7480... 0.J OR N PACKAGE
(TOPWVEWI

" Dependable Texas Instruments Quality and 1AV

18[02 13048
description iV C33 12t34A

These devices contain four independent 2-inout NAND 2A : ii 4Y

gates.283
2Y 6S 9C]3A

The SN5400, SN54HOO. SN54100. and SN54LSOO. ___j3 a 3 Y

and SN54SOO are chasracterized for oeration over the
ful) militarv temoerature range of - 550C to 1 25*C. The SF45400. SF4541400 ... W PACKAGE
SN7400. SN74HOO. SN74LSOO. and SN74SOO are (TOP VIEW)
characterized fot operation from 00C to 700C. ~~ ~ 1-lAO' J14[34 Y

FUNCTION TABLE leach gate) I180r2 130]468
Iv03 120 4A

INPUS OUPUTVcCO4 1 10GND

A a y2Y [5 i0fl 38
~NPTS OUTUT2A [6 gn 3A

L SN54LSO0. SF4480... FK PACKAGE'
S14744.SOO. SF474S00 .. . FN4PACKAGE

logic diagram leach gate) IO tw

JY U4 16) 4A
NC 5170 NC

2A 616a4
NC 07 150NC

positive logic 211 1

YA B or Y=A+Bg

N4C - NO sqm w Mc

Ten taest tieta .41e wixe esi. atI

tewat.8,1001 PS ikeilea eas* iimsain IN STRUM ENTS
ms .4iswy ces ixit. 0 's eesserr 'OTO io7"Cl 110K M012 6 DALLAS TEXAeM 6
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APPENDIX I

TYPES SN54192, SN541 93, SN54L192, SN54L193, SN54LS192, SN54LS193,
SN74192, SN74193, SN74LS192, SN74LS193

SYNCHRONOUS 4-BIT UPIDOWN COUNTERS (DUAL CLOCK WITH CLEAR)
DECEMBER 1072-NE visiO DECEMBER In

e Cascading Circuitry Provided Internally SN64192. SNS4193. SNdS4tS192.
SNS 193.. J OR WPACKAGE

it Synchronous Operation SN541 192. St54L193 .. IPACKAGE
SN?4192 SN?4193 .. J 0RN PACKCAGE

*Individual Preset to Each Flip-Flop M74LS192. SN7LaS193 .. 0. J OR Nl PACKAGE

*Fully Independent Clear Input (TOP VIEW)

SjT"CT_6D Vcc
TYPES TYPICAL MAXIMUM TYPICAL 0812flD

COUNT FREQUENCY POWER DISSIPATION AA1 40LF
'192.193 32 MHz 326 mW oOWNH4 6060

'LI92,*L93 7 MHz 43 mw upES 12DCO
'LSIS2,'LS193 32 MHz 95 mW OC 6 I ID LOAD

descrdPtion QD[7 11.1 C
These monolithic circuits are synchronous reversiblea - 0

(up/down)l counteirs having a comtplexity of 55
equivalent gates. The'192, 1192, aod '15192 cicut SN54LS192.SN54L.S193 .. FE PACKAGE

are 13CD counters and the 193. 1193 and 'LS193 are S7L12S7L13..FIAKG

4-bit binary counters. Synchronous operation as pro- (TOP VIEW)

vided by having all flip-flops dlocked simultaneously so U C
that the outputs change coincidently with each other a to Z >
when so instructed by the stewoing logic. This mode of 20L 19
operation elimiunates the ouput counting spikes which OA f4 11S[ CIA
are normally associated with asynchronous (ripple- DOWN s5  17C i 6
clocki counters. N 61(N

The outputs of the four master-sieve 0fliflps are trig- UP CO I( -

gored by a low-to-high-level transition of either count OC 8 15 LOAD
(clock) input. The direction of counting is determined by 9 oi111213
whiich count input is pulted while the other count input 0Ca 0 C

is high. a Z Z

All four counters are fully Programmable; that is, each NC -No terffm Connecion
output may be preset to either level by entering the
desired data at the data inputs while the load input is
low. The output will change to agree with the data in-
puts independently of the count pulses. This feature
allows the counters to be used as rnodulo-N dividers by simply modifying the count length with the preset inputs.

A Clear input has been provided which forces all outputs to the low level when a high level is applied. The clear function is
independent of the Count and! load inputs. The clear, count, and load inputs are buffered to lower the drive requirements.
This reduces the number of clock drivers. etc., required for long words.

These counters were designed to be cascaded without the need for exiterital circuitry. Both borrow and carry outputs are
available to cascade both the up- and down-counting functions. The borrow output produces a pulse equal in width to the
count-down input when the counter underflows. Simnilarly, the carry output produces a pulse equal in width to the count-up
input when an overflow condition exists. The counters can then be easily cascaded by feeding the borrow and carry "uputs
to the count-down and count-up inputs respectively of the succeeding counter.

abslute maximumn ratings over operating free-air temperature range (unless otherwise noted)

VcSN Ni 1S4' SNSeL' SN54LSI SN7e' SN7SLS' UNIT

OoevattinD liesi temoersture renge -65 to125 0Oto 70
Siars tenwerature range - 65 to 150 - 5 to 150

POOTE 1, Voit~g. t"lug, are hif roset o1 ",,e Wound W6..mn

PSODUCTION DATA
1bol .sms siimslrs twiet soA

Aue M i e u TEXSm 36
ofl = 0ese daot sis reeler. i
Madae 0 smirehosasinsProem a IN STRUM ENTS

os6iCE BOX 22112 * OALLM AS slnM
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".PENDIX L

Naioa
~emiconductor

SDACO8O8/DACO8O7/DACO8OB 8-Bit D/A Converters

e TMe DACM6 sele is an8it monci thi l-to-nalog MC15SMC140S. For Wwhe speedl ptcru
* corwaferr (MAC leaturin a full scale output currentl sett DACOMO dat 1eet

Ilm f150 newift ftigVory WmW ft ± 5V su;p
pk No reftecrr fmet w) triming is required for Features-
'c a"~ O aplslai ice fte full se outp curret Is typ-* acuw . ±0.19% earm m.inmrm 'call *I LIS of M6 IWIw M5. Asia" accuracies of bet. .c . ± LSty

or * 0.19% sme 6-bA m~fot~whlliy ww kw * gjhjacucyveul(ACSDC0
wide meo level ou awrdn of lees thi 4 #&A providles.a7rw6Mcuay vl"PC 7
&Wb~ we accuracy for lrffz 2 rnk The pwer supply cur- a Feet sett tinw 150 no typ
rent of the DACOSOS series awe independen of bit codes * oivrig Ut5 rpt awe TTL and CMOS two
end Will-b essentllly constandt eic chwctrstc ovr i

ft e sire supply voltage iige . iH speed rnultn hpit sle rate: imlp
The DACOO YA ~werae drectly wit MosarTh DTL * Powe supply v~~ rar"p ±43 to ± 18V
or CMOs 0 logic levls se direct repleament for the a Low power consmimor 332mW 5±V

Block and Connection Diagrams wnriftk

UUI

D~orO DACOSO "

onTLn~i~4

V I 14 -UD

W. 2 so A4

Us(- 5 IAM-

R-i 0~ ANGEV Top lewA- NPACCAGE 1A SO PACKAGE (MSA

64* -66Cr.A~c12 I DACO&MSLFMC15MS
84AWC9T:9+ 5- DAOSLCJ MC140SLB DACOSOLCN IMC1408PBO DACOWSLCM

7-bift 0CSgTAg+75*C IDACOS7LCJ MCi4OSL7 DAO87LCN MCI406P7 I DACOS7LCM
S-bi WC:9TAI + 75T I ACOOSLCJMC146L61DACOSSLC I MC140SPS I DACOSO6LCM

lbs. 0.4.. "MW be andemed by qW Sur vliler
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APPENDIX L

Absolute Maximum Ratings (Note 1)
* n"Moroopace specified devices are required, Storage Temnperature Range -WC1to +11IWC
.,W o ~c the National Semicoonducto Sales Led Ternp. Ikefrig. 10 secnds
:sidWst~uoro for avallablity and specifctons. I akg P-c hO
ow sup* Voltage Dual-In-tine Package (Ceratvic) 300 W

14; - - +18V0C Surface Mount Package
we -- 18VOC vao Plane(0seconfs) MSIC

*IiWpuVotge.V5-V12 -- 0 VDto +16 V0D Wirared (15 5conds)-
dwwwwuVoltage.o -II VtOC1 + 18UV

WOVOCS'n 'WK 14 5 rn Operating Ratings 3
rgoaceAf*M Ipts V4.V1 V YE Temnperature Range ThIN !9 TA !9TWX~~c AnpilerInpte V1. V VDACOWOL -WCc ST~ + 25'

#,w islpation (Note 3) 1000 mW DA00806LC Soria 0 9TA 1 +7F0C

ODSusc*ptb"t (Not 4) TSD

Electrical Characteristics
V $VVE - -15 V=cViq/R14 - 2mADACDO8:TA -- WCto +125V, DACOSOO. DACO60CMDACOSOSOTA

ic + 75C. and all digital kIut at high logc level unless othews noted) ______

Pararnewe Condtons MMi TV MU UrdIe
Relative Accuracy (Error Relative (Ffau 4)
to Full Scale 1(3)

DAOO8OL (LM15064). t0.16
DAC0WLC (LM1406-)
DACO6O7LC (LMI406-7). (Note 5) *0.39 S
DACOI6LC (LM140-6). (Note 5) *0.76

SO"'TtngotoWlthin'ALSS TA-25*C(Not), 150
(Includes tpLWj MV"w 5) _ _

k*ip Propagation Delay Tune TA - 25*C, Ige5) 30 100 r
OuWu Full Scale Cutrent Drift __ *20 _ ___ PPM/*C

W Dgita Input Logic Levels (FV" 3)
fligh evelLogic "1" 2 O

___ Low Leve. Logic "0"V___ 0.9 D

Dww nputCurrnt Fp"ww3)
HihLvlVIH - 5V 0 0.040 rnA
LWLvlVIL - 0.8V -0.003 -0.8 rnA

Reference Input Bias Current If-ul, 3) -1 -3 p

Outpu C~wont angefture 3)
VEE -- 5V 0 2.0 2.1 wA
VEE - -I15V. TA 25C 0 2.0 4.2 aLA

Outpt CurentVREF - 2.OOOV,
A14 - lOO0fl,
(fire 3) 1.9 1.99 2.1 mnA

Output Curfrent, ANl Sits Low tLwe 3) __ 0 4__ILA

Output Voltage Cornplance (Note 2) EO! .19%,TA 25*C
VEE -5V- II'EF-I MA -0.55.,+0.4 VD

VfBelow -IOV _________ ___ -5.0. +0.4 p

4-31
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APPENDIX L

40

S Electrical Characteristics (Consnued)
o (VC - 5V.VEE - -15 VMV~tEF/R14 - 2mA.OACO600:TA - -55*Cto +12MCDACO08MOACQ807C.Ar.. iW C to + 75-C. and all iga Inputs at high logic level unless othewws noted.)

N SYR"o Parowmeter ConHone Oln TYP s
S SRlAE Reference Current Slew Rate IFVw. 6) 4 a

MA)L ~ jcurent Powsupply 6V e-VEE:C 165V 0.05 2.7
0 _____ Sens"~t ______

doPower Supply Cure (AN Sit rjur 3)
do LOW)
0 0 2.3 2

IE Po"~ Supply Voltage Range TA A) -4.3 (-13e3

O 4.5 5&0 &
__________________ -45 -15 -t W

Power Dissipation
AS Blts w VC- 5v vu- -5Y 3 170 4

Na3AC=hd -la V 5V-VEE - - S 106 305 w
____ AM _____U ____ Ho t -15V, VU.- - 5V 90__ gal_

Noa Ma cor isbe noa ruqihed.Th

IneN Pwpik Oft number uum ID 175C/W aw m for t os a o package onmbe is 1WC/W.
NOW 4: bMumon be* ,oel 100 pP icagd thraighl. iesiolo.

Noe AN mamn ww waem NW fied Viesofe at Name 5% of med uarte

Nubt 7. Ph~p eraMmue kw em DALASOX mrees go Adwstorm pimags The amid odin pans Pbews kla fte deM4 Packaga

Typical Application

TLAV51107-3

FIGURE 1. + 10 uptDgiayoAao Converter (Note 7)

4-32
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APPENDIX N

LM1 24. LM224. LM224A.
LM324. LM324A. LM2902

aQUADRUPLE OPERATIONAL AMPLIFIERS
0 1990. SIP'M52R 1975-NAvISO JAWUARY 19

" wide Range of Supply Voltages. LM124 ... J ONKW PACKAGE
Single Sup... 3 V to 30 V ALL TM5 ... 0. J. OR N PACKAGES

iLM290. ... 3 V to 26 V). fTOPVUWI
or DulSpplies AMP. UT 1 14 OU0 AMPI.

II - 2 3 Ih 54Low Supply Current Drain Independent of IN - 14I
Supply Voltage ... 0.8 mA Tp tIN+ 3 12 IN +

cms-Mode input Voltage Range fIN 5 IO

inciudes G3round Allowing Direct Sensing AMPI. j N0S i IN + AMPI.
now arourd 42 UOUT UTa OU

" Low input Slas and Offset Parameiters:
input Offset Voltage... .3 mV Typ LM124

A Velrs... 2 mV Typ FK CHIP CAR PACKAGE
input Offset Curet... 2 nA Typ (TOP yIEW)
input Bla.Current ... 20nA Typ

A Versions ... 15 nA Typ Z

e Differential Input Voltage Range Equal to
Maximum-Ratad Supply Volage ... 32 V-----
(26 V for LM2902) 01 IN+ 4~ st 1 4 N

" Open-Loop Differential Voltage NC 5 7qC NC
Amplification ... 100 VImV Typ VCC 6 16(GN

NC 7ICNC
" Internal Frequency Compensation 02 IN+ IS I4C 03 IN.

description . .~ .~

These devices consist at four independent, high- Z D 2
gain frequency-compensated operationalC44 MM
amplifiers that were designed specifically to . ft f
operate from a single supp.y over a wide range NC -No tntgmnal cofificUoon
of voltages. Operation from Split supplies is also
Possible so long as the difference between the symbol (each amplifier)
two supplies is 3 V to 30 V (for the LM2902,
3 V to 26 V). and Pin 4 is at least 1.5 V more
Positive than the input common-mode voltage. INERING
The low supply current drain is independent of NONINVENTING +UPUthe magnitude of the supply voltage. INPUT IN*

Applications include transducer amplifiers, d-c
amplification blocks, and all the conventional
operational amplifier circuits that now can be
mo01e easily implemrented in single-supply-voltage
Systems. For example, the LM1 24 can be
operated directly off of the standard 5-V supply
that is used in digital systems and will easily
Provide the required interface electronics
without requiring additional * 15S-V supplies.

The LIM 124 is characterized for operation over
the fill Military temperature range of - 55 *C
to 1250'C. The LM2902 is characterized for
Operation from -400C to 1050C. the LM224
Oid LM224A from -250C to 850C. and the
LM324 and LM324A from OOC to 70*C.

5Sa dwei~miii Pgloo m 4i CoovW"gl 1979 ea hnnr ,c~r5

U". W~epm.ga INSTRUMENTS 23

WXe --- ffl -0051 D AUAS. TEX"S 712"0
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APPEMDIX P

~JNational
/ SemiconductorX

LM78XX Series Voltage Regulators
General Description
The LM78XX series Of three terminal regulators is available of external components. It is not necesary to bypass the
wit several fixed output voltages making them useful in a output. although this doea improve transient response. Input
wide range of applications. One of these is local on card bypassing is needed only if the regulator is located far from
regulation. ellininatilig the distribution problems associated the filter capacitor of the power supply.
with singles Point regulation. The volags available Allow Forwoulttvoltage otheirthanSfl. 1 2V and 1 5V the LM1117 -

thes regulators to be used in logic systems, instrumenta- seris provides an output voltage range from 1 .2V to 57V.
bion, HiFi. and othr solid state electronic equipment Al-
though designed primarily as fixed voltage regulators these etue
devices Can be used with external components to obtain atuucreti xeso

adiutabe Votags ad curens.U Internal thermal overload protection
The LM78XX series is available in an aluminum T0.3 pack- a No external copnents required
age which will allow over I .OA load current if adequate heat
sinking is provided. Current limiting is included to limit the a Output transistor safe area protection
peak output current to a safe value. Safe area protection fo a Internal short circuit current limit
the output transistor is provided to limit internal power dissi- 0 Available in the aluminum T0-3 package

-pation. if inlernal power dissipation becomes too highfo
the heat sinking provided, the thermal shutdown circuit Voltage Range
takes over preventing the IC from overheating. LM7805C 5V
Considerable effort was expanded to make the LM7eXX Se- LM7812C 12V
noes of regulators easy to use and mininize the number LM7811SC I5V

Schematic and Connection Diagrams
-'C Metal Can Package

'U I ii 7-3 (K)
all Aluminum

'42

Cli ~ ~~ji. mi uu
in

a I Bottom View

Order Number LM7805CK.
:lollLM7812CK or LM781SCK

See NS Package Number KC02A

Plastic Package
C" T0-220(TM

e= utput 1

11Ji4,774e.-3
Top View

Order Number LM7805CT,
LM7812CT or LM7S15CT

See NS Package Number T038
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APPENDIX Q

r-

W National
Semiconductor

LM79XX Series 3-Terminal Negative Regulators

General Description
The LM79XX seres of 3-terminal regulators is available with these devices with a specified maximum change with line
Aed output voltages of - SV, - 12V. and - 1 5V. These de- and load ensures good regulation in the voltage boosted

viCs need only one external component-a compensation mode.
capacitor at me Output The LM79XX series is packaged in For aplications requiring other voltages, see LM137 data
tme TO-220 power package and is capable of supplying Sheet.
1 .5A of output current
These regulators employ internal current limiting safe area Features
protection and thermal shutdown for protection against vir- a Thermal. short circut and safe area protection
tually all overload conditions. M High ripple rejection

Low ground pin current of the LM79XX series allows output a 1.5A output current
voltage to be ealy boosted above the preset value with a 8 4% preset output voltage
resistor divider. The low quiescent current drain of

Typical Applications
x 15V. 1 Amp Tracking Regulators

Q 1.0

C4"* - L3 o3 O

+~i~ 01
16 11110,5S At~ IN49012%F - •T-~i

I4 + 3
C,

-h -nCOMON

I so A3 + 02

F -r- OUTPUT TRIM

I TO -11.OV

LUISIICT 1.- .QVOU I-)I lIV

Performance (Typical)

(-1is) (+ s)

Load ReAlOeiat AIL - IA 40mV 2mV
OUIPP iO.-, CM - 3000 PF.1,1. - IA 100*Vrnis I0i0.Vrm
Towmpease Stabioy SO mV 50 mV
OuVA NOij i NOZ f. I i 10 kitz 10 PViM.V* IO 1/.Vm1
"ARmitr tolerance of R4 a'd AS deowwoe miciwhg o (+ 1 d o -)
ouw~u.

-N*C4t.uy 'p if raw KW"piy MitWr Cpui we Mor Man1 3 fron reqk-
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APPENDIX R

IMl0lA, LM2O1A, LM301A
HIGH-PERFORMANCE OPERATIONAL AMPLIFIERS

owl. OCTOBER 1070-REVItSED JUNE 106"

" Low Input Currents D, .1G. OR P PACKAGE
" Low Input Offset Parameters co IW

N$/COMP 1 0 COMP
" Frequency and Transient Response IN - 2 7 VCC +Characteristics Adjustable IN+ OUT
" Short-Circuit Protection VCC -4 SOFFSET N2
" Offset-Voltage Null Capabilifty

LMIO1A-. No Latch-Up W FLAT PACKAGE
* Wide Common-Mode and Differential (TOP VIEW)

Voltage Ranges NC 1 14 NC
" Same Pin Assignments as uA709 NC 2 13 NC

NlICOMP 2 12 COMP* Designed to be interchangeable with IN - 4 11 VCC +National Semiconductor LMI 1A and IN 4. 5 10 OUTLM301A VCC -6 9OFFSET N2
NC NCdescriptiona

The LM10IA, LM201A. and LM301A are high. ~LMIOA
Performance operational amplifiers featuring very U FLAT PACKAGE
fow input bias current and input offset voltage (TOP VIEW)
and current to improve the accuracy of high.
,moecance circuits using these devices. The NC 0ci 103 NC
nigh common-mode input voltage range and the Ni /COMP 2 sfl COMP
absence of latch-up make these amplifiers ideal IN - e VCCfor voltage-follower applications. The devices are IN + a 73OUT
protected to withstand short circuits at the VC- 5 63OFFSET N2
output. The external compensation of these
amplifiers allows the changing of the frequency LIIresponse (when the closed-loop gain is greater FKCIPCRIER ACKGthan unity) 'fo applications requiring wider FK o VHPCRIEW)ACAGbandwidth or higher slew rate. A potentiometer (TPVIWmay be connected between the offset-null inputs
(N1 and N2), as shown in Figure 7, to null out the 0 0.
offset voltage.UY

U zuU
The LMl11A is characterized for operation over016 .LTLWthe full military temperature range of -55*C 121
to 125*C, the LM201A is characterized for NC ] 4 s NC
operation from -251C to 851C. and the LM301A IN- 5 17C Vcc+Is charactenized for operation from OT to M0C. NC 16 16C NC

INi. 7 IS( OUTSymbol NC 8 14 NC
9 10 11 12 13

010NINVERTING
IIIJTIN* OUTPUT Z U Z 22Z

INPUT IN-. NC -No onemrai conetion

NIl N2
COMP

"s ffgm I n nTEXAS * 032

Z= 0= lo"of0 INSTRUMENTS
P07 M 00W 10013 - CIAL±& T1AIk 7112,41

86



APPENDIX 8

w 0

0
r

U) w 19

0

LU

0 41 OEZ
0. L

L1 . z

00

I- Il

C

VCA

L r
0

n m

in

In ID

L

=0
L u

87



APPENDIX T
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DAC Voltage Out APPENDIX U

Red +5 to Encoder
Wite Mama A

r~d (Ground
GC~ie B

Closed
Switch to CLR

174LS193 IcounttoO0

Switch to Preset
Op~eiCount to 128

(Normally Open)

ENCODER-ANALOG CARD PARTS LOCATION

Navy Postraduate, School
Monterey, CA

J. P. Sargent 94-91
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APPENDIX V
GND +24 Vin

+15 Vout
Vout to r Amp +5 Vout
Encoder Signal In 24 Vin
Ref Signal In -

+ 5 VDC
j E -Voltage Regulator

Reference Signal H 10K
Null Offset +
Potentiometer U1 n 1 DPotetio ete H Voltage Regulators

Circuit Gain Adjustment
Final Stage : 5K Ohm Pot

H D Feedback Signal
Second Feedback o High Freq Gain Boost
Encoder Null 50K Ohm Potoffset Pot20

Gain Null Offset
Potentiometer

AMPLIFIER CARD PARTS LOCATION

Navy Postgraduate School
Monterey, CA

J. P. Sargent 9-9-91
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APPENDIX W

I 22 cm
W .*. 1/4 - 20 Nylon Set Screw

. o  Aluminum 0

1/8" Hole 1/2" Hole 1/8" Hole

1cm 1cm

TORQUE TEST BAR

Navy Postgraduate School
Monterey, CA

J. P. Sargent 9-9-91
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